O ptical antennas,
1À3 similar to their radio frequency (RF) counterparts, capture free-space electromagnetic radiation and focus it to a small region (such as the antenna feed gap) well beyond the diffraction limit. The amount of field enhancement in the high-field region of the optical antennas is the most important parameter used to characterize the performance of the antenna for applications such as sensitive photodetection, 4 heat-assisted magnetic recording, 5 and surface-enhanced Raman spectroscopy (SERS). 6, 7 To maximize the field enhancement, careful optimization of optical antennas' characteristics 14À16 using antenna theory concepts needs to be explored. Tuning the resonance wavelength of optical antennas by changing the antenna dimensions, 8 loading the antenna gap with appropriate materials, 9, 10, 14 shrinking the size of antenna feed gap 2 to effectively reduce the mode volume, and using arrays of optical antennas 11 for improved coupling have been proposed and demonstrated to increase the amount of field enhancement.
In this paper, we present a new method, based on coupled mode theory (CMT), 12, 13 to achieve maximum field enhancement in optical antennas through optimization of the antennas' radiation characteristics. Coupled mode theory has been used previously 13 to model the field enhancement of an optical antenna for applications such as SERS. In the CMT picture (Figure 1a) , an optical antenna is modeled as a resonator and the excitation is modeled as a input channel. The field enhancement of an optical antenna at resonance can be derived 13 (Supporting Information, Section I) as
where E loc and E i are the local field amplitude at the high field region of an optical antenna and the field amplitude of incoming excitation beam, respectively, V eff is the effective mode volume of the resonator, and A c is the maximum effective aperture of the antenna that is determined by spatial mode matching between the antenna radiation pattern and the excitation beam pattern. The antenna's total quality factor (Q ) is the summation of radiation quality factor (Q rad ) and absorption quality factor (Q abs ):
. This equation gives an intuitive picture that the field enhancement of an optical antenna is proportional to two important factors: antenna efficiency (Q /Q rad ) and Purcell enhancement factor 19 (Q /V eff ). Using the equation for the field enhancement, there are five parameters that can be optimized to achieve maximum field enhancement:
ABSTRACT: Optical antennas have generated much interest in recent years due to their ability to focus optical energy beyond the diffraction limit, benefiting a broad range of applications such as sensitive photodetection, magnetic storage, and surfaceenhanced Raman spectroscopy. To achieve the maximum field enhancement for an optical antenna, parameters such as the antenna dimensions, loading conditions, and coupling efficiency have been previously studied. Here, we present a framework, based on coupled-mode theory, to achieve maximum field enhancement in optical antennas through optimization of optical antennas' radiation characteristics. We demonstrate that the optimum condition is achieved when the radiation quality factor (Q rad ) of optical antennas is matched to their absorption quality factor (Q abs ). We achieve this condition experimentally by fabricating the optical antennas on a dielectric (SiO 2 ) coated ground plane (metal substrate) and controlling the antenna radiation through optimizing the dielectric thickness. The dielectric thickness at which the matching condition occurs is approximately half of the quarter-wavelength thickness, typically used to achieve constructive interference, and leads to ∼20% higher field enhancement relative to a quarter-wavelength thick dielectric layer.
KEYWORDS: Plasmonics, nano-optics, optical antenna, ground plane, impedance matching Nano Letters
The antenna needs to be excited on resonance (λ res ), 16 which can be achieved by tuning the antenna dimensions 8 or loading the antenna gap with appropriate materials. 9, 14 2 The effective mode volume of the antenna (V eff ) needs to be reduced, which can be achieved by shrinking the size of antenna feed gap. 2, 20 3 The maximum effective aperture (A c ) needs to be optimized through matching the antenna's radiation pattern with the excitation signal. 21 For example, the radiation pattern can be optimized to match plane wave excitation using an antenna array since the effective aperture is proportional to the directivity of the antenna and the directivity can be increased by the array factor. 22 4 Another parameter that has not yet been explored and which we will discuss in this work is the optimum condition for an antenna's relevant loss rates (i.e., Q , Q rad , Q abs ). To find the optimum, we take the derivative of eq 1 with respect to Q rad and equate it to 0 (Supporting Information, Section II). Since the effective aperture (A c ), effective mode volume (V eff ), and the Q abs vary slowly compared to Q rad (see Section III in Supporting Information and Figure 2c ), the maximum field enhancement condition is achieved when Q rad becomes equal to Q abs
This is analogous to the impedance matching concept in antenna theory.
23À25
5 At the optimum Q condition (Q rad = Q abs = 2Q ), the expression for the field enhancement reduces to
Therefore, the optimized field enhancement for given material is directly proportional to absorption quality factor (Q abs ), which is a direct evidence of previously reported 21 high field enhancement with low loss material (such as silver). From the above recipe to achieve maximum field enhancement for optical antennas, items 1, 2, 3, and 5 have previously been demonstrated. Here, we will introduce the concept of Q-matching for optical antennas (item 4) and achieve the optimum condition through radiation engineering. As the starting point, we will study the radiation characteristics of a typical optical antenna fabricated on a glass substrate. To estimate the amount of mismatch between Q rad and Q abs for a gold dipole antenna (with 260 nm length, 40 nm width, 25 nm thickness, and 15 nm gap) on a quartz glass substrate, we have used time domain simulations based on finite integrate technique (CST Microwave Studio) to calculate Q , Q rad , and Q abs . 
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The total quality factor of the antenna (Q ) and the radiation Q of the antenna are calculated to be Q = 10.7 and Q rad = 18.3, respectively. The total quality factor of the antenna, Q, consists of the radiation (Q rad ) and absorption (Q abs ),
. Therefore, the absorption Q of the antenna can be calculated as
. This mismatch between the radiation Q and absorption Q reduces the energy coupling into optical antennas, leading to smaller field enhancements.
To improve the antenna efficiency through Q matching, we need to controllably tune either the radiation Q or absorption Q of the antenna. Since absorption Q of the antenna is dictated by the metal loss (gold or silver), the radiation Q of the antenna needs to be tuned. We achieve this radiation engineering of optical antennas using dielectric spacer coated metal ground planes (Figure 2a) . Metallic ground planes have been used previously to enhance the fluorescence or SERS of molecules placed a distance of quarter-wavelength (λ/4) away from the ground plane using a dielectric spacer. 17, 18 The λ/4 distance results in constructive interference between the top and bottom reflected emissions of the molecule and increases the effective aperture A c . However, in addition to reflecting the bottom radiation, the ground plane can be used to control the radiation Q of the antenna and tune it to match the absorption Q of antenna. For example, as the dielectric spacer thickness is reduced beyond the quarter-wavelength (λ/4) thickness, the antenna dipole and the antenna image dipole radiation cancel each other more and more. Therefore, as the dielectric spacer thickness is reduced, the radiation Q of the antenna is increased and at the optimum dielectric spacer thickness, the radiation and absorption Q of the antenna would be matched, which leads to the maximum field enhancement condition.
We have used numerical simulation to verify this idea for a gold dipole antenna array on dielectric (SiO 2 ) coated gold ground plane as shown in Figure 2a . Gold dipole antenna arrays with 260 nm length, 40 nm width, 25 nm thickness, 15 nm gap, and 600 nm pitch were simulated using a finite integration technique based software (CST Microwave Studio). The dipole antenna array is excited by a plane wave from the top that is polarized along the dipole antenna's long axis. As indicated in Figure 2b , the electric field is mainly confined at the antenna feed gap on resonance. The total Q, radiation Q, and absorption Q of the antenna array are calculated as the thickness of SiO 2 spacer layer is varied from 20 to 150 nm. As shown in Figure 2c , the radiation Q increases as the thickness of spacer decreases, which is expected from the radiation cancellation between the real and the image dipole antenna. The radiation Q matches with the absorption Q at the spacer layer thickness of 60 nm. The field intensity enhancement is also maximized at this optimum spacer thickness (60 nm), which agrees well with our theory (Figure 2d ). It is important to note that the optimum dielectric spacer thickness (60 nm) is less than half of the quarter-wavelength thickness of 150 nm.
To experimentally verify the Q-matching condition, gold optical dipole antenna arrays were fabricated on SiO 2 spacer coated gold ground planes using high resolution e-beam lithography and a lift-off process. For the ground plane, a 100 nm thick gold layer was evaporated on a Si wafer, and SiO 2 layers of various thicknesses (20, 60 , 100, and 150 nm) were deposited using plasma-enhanced chemical vapor deposition (PECVD). We patterned 260 nm long and 45 nm wide optical dipole antennas using e-beam lithography followed by evaporation of 3 nm thick germanium and 25 nm thick gold. Germanium adhesion layers reduce the roughness of gold surface 26 (Supporting Information, Section IV). The total size of the optical antenna array field is 300 μm Â 300 μm and identical dipole antennas were distributed with a 600 nm pitch (square array). Figure 3a shows the SEM picture of fabricated optical dipole antenna array and the typical dimensions of a single antenna are shown in the inset. Each antenna has a length of 260 nm, width of 45 nm, and gap of 15 nm. We use reflectance measurements to characterize the optical antennas and the effect of Q-matching since this measurement method is less sensitive to variations in parameters such as gap spacing caused by nonuniformities in e-beam lithography exposure. The illumination from a halogen lamp was focused on the antenna array using a 5Â, NA = 0.13 objective lens and the reflection from the antenna array was collected through the same objective lens and sent to the spectrometer using a multicore optical fiber (Figure 3b ). Figure 3c shows the normalized reflection spectrum (reflectance) of the antenna arrays for various dielectric spacer thicknesses, each spectrum is calculated by dividing the reflection from the antenna arrays with the reflection from an area on the dielectric coated ground plane without any antennas. Reflectance spectra show two major dips for each array. The larger dip position at longer wavelength corresponds to the antenna resonance and smaller dip corresponds to surface plasmon resonance supported by the periodic array. The 100 nm SiO 2 thickness displays the largest reflection dip, corresponding to strongest field enhancement as predicted by the theory. Reflectance spectra show two major dips for each array. The larger dip position at longer wavelength corresponds to the antenna resonance and smaller dip corresponds to surface plasmon resonance supported by the periodic array.
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Various parameters such as resonance wavelength, total Q, radiation Q, and absorption Q of the antenna can be extracted from the reflectance measurements. The resonance wavelength and total Q are extracted directly by fitting a Lorentzian curve to the reflectance spectrum. Radiation Q is calculated using reflectance equation from modified CMT 27 (Supporting Information, Section V) to take into account the uncoupled portion of the plane wave excitation. The absorption Q of the antenna array is then calculated using the relation Q abs À1 = Q À1 À Q rad
À1
. The extracted radiation Q, absorption Q, and total Q of the antenna arrays are shown in Figure 4a as a function of dielectric spacer thickness. The optimum dielectric spacer thickness at which the antenna array's radiation Q and the absorption Q are matched is approximately 80 nm. The size of dip in the reflectance measurements is proportional to the maximum field enhancement (Supporting Information, Section V), as shown in Figure 4b , the maximum dip in reflectance measurement is also achieved for a dielectric spacer close to 80 nm, which is consistent with the Q-matching condition. It is important to note that this optimum thickness (∼80 nm) is roughly half of the quarterwavelength thickness and results in approximately 20% larger field enhancement.
In conclusion, we introduce a new condition to achieve maximum field enhancement for optical antennas through matching the radiation Q and absorption Q of the antenna. This matching is achieved experimentally by fabricating an array of dipole antennas on a dielectric coated ground plane and tuning the thickness of the dielectric spacer to control the antennas' radiation Q. The maximum field enhancement is achieved at the optimum dielectric thickness of ∼80 nm, which results in Q rad = Q abs . This is slightly higher than the optimum thickness from simulation probably due to the more loss of fabricated metal, however, general trends show good agreement with theory and simulation. The optimum spacer thickness is ∼50% smaller than the quarter-wavelength thickness and achieves ∼20% larger reflectance. 
